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(54) Method and apparatus for measuring samples and for localizing a first substance within a 
surrounding second substance by means of nuclear magnetic resonance 

(57) A method and an apparatus are disclosed for 
detecting a first substance within a second substance, 
preferably for localizing diamonds in kimberltte rocks. 
The first substance, e.g. the diamonds, have a very long 
spin-lattice relaxation time (T, ) in the order of hours. For 
rapidly detecting the first substance, the build-up of 
magnetizatk>n of a predetermined kind of nuclei, e. 
g. i^C, being abundant in the first substance only is 
shortened and the nuclear magnetic resonance of that 
kind of nuclei is measured thereafter The shortening is 
executed within a pre-treatment station (12), whereas 
the measurement takes place within an analyzing sta- 
tion (13). The shortening and the measuring, respective- 
ly, are carried out within magnetic fields (Bqi . Bq2) of dif- 
ferent field strengths (Fig. 2). 
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Description 

The invention relates to a method of detecting a first 
substance within a second substance surrounding the 
first substance, by means of nuclear rrtagnetic reso- 5 
nance (NMR). the first substance having a very long 
spin-lattice relaxation time T, of at least ten seconds, 
preferably one minute, In particular of far more than ten 
minutes. 

The invention, further, relates to a method of meas- io 
uring samples by means of nuclear magnetic resonance 
(NMR). the sample having a very long spin-lattice relax- 
ation time T^ of at least ten seconds, preferably one 
minute, in particular of far more than ten minutes, the 
relaxation time being reduced for increasing the meas- is 
uring signal. 

The invention further relates to a method of detect- 
ing a first substance within a second substance sur- 
rounding the first substance, by means of nuclear mag- 
netic resonance (NMR), a sample comprising both sub- 20 
stances being exposed sequentially to two magnetic 
fields, the nuclear magnetic resonance being measured 
at least during exposu re of the sample to one of the mag- 
netic fields. 

The invention further relates to an apparatus for de- 25 
tecting a first substance within a second substance sur- 
rounding the first substance, by means of nuclear mag- 
netic resonance (NMR), the first substance having a 
very long spin-lattice relaxation time of at least ten sec- 
onds, preferably one minute, in particular of far more 30 
than ten minutes. 

The invention further relates to an apparatus for 
measuring samples by means of nuclear magnetic res- 
onance (NMR), the samples having a very long spin- 
lattice relaxation time of at least ten seconds, preferably 35 
one minute, in particular of far more than ten minutes, 
the relaxation time being reduced for increasing the 
measuring signal. 

The invention further relates to an apparatus for 
rapidly detecting a first substance within a second sub- 40 
stance surrounding the first substance, by means of nu- 
clear magnetic resonance (NMR), the apparatus com- 
prising means for generating two magnetic fields, a 
sample containing the two substances being sequen- 
tially exposed to the two magnetic fields, the nuclear 45 
magnetic resonance being measured when the sample 
is exposed to at least one of the magnetic fields. 

Nuclear magnetic resonance is a well-known spec- 
troscopic method allowing to detect the presence of cer- 
tain kind of nuclei having a spin or a magnetic moment, so 
NMR is mostly used for analyzing organic liquids in 
which nuclei (protons) have a magnetic nrrament re- 
sulting in resonance absorption. NMR is. further, used 
in a wkJe range for detecting other kinds of nuclei, for. 
example ^^c. ^^N, 1 ^O. and others. ss 

It is well-known that the overall measuring time for 
NMR-measurements depends on the spin-lattice relax- 
ation time, the so-called longitudinal relaxation time T^ 



This interrelation is based on the fact that the relaxtion 
time T^ is a measure for the build-up and decay, respec- 
tively, of nuclear magnetization generating the detecti- 
ble measuring quantity within an NMR-measurement. 

In solids, the relaxation time T^ is mostly much long- 
er than that of liquids. In certain crystals, the relaxation 
time Ti is In the order of several minutes or hours or 
even days. Conventional NMR-measurements may. 
therefore, only be executed if the measuring lime is In 
the order of magnitude of the relaxation time T,. This 
measuring time is again multiplied correspondingly 
when averaging methods are used for enhancing the 
signal-to-noise ratio by accumulating a certain number 
of measurements and then processing their average 
value. 

One example for a sample material having an ex- 
tremely tong spin-lattice relaxation time T^ is diamond. 
Diamonds are basically adapted to make NMR-meas- 
urements thereon, because they contain ^^C nuclei. 
The i3c-contents within natural diamonds is relatively 
k>w. The natural abundance of ^^c in carbon is in the 
order of 1 , 1 %. DianrKxids are one nnodification of carbon 
and also comprise ^^c in that order of magnitude. Due 
to this concentration of ^^c within natural diamonds, 
NMR-measurements may be used for localizing or de- 
tecting such diamonds, because gives rise to char- 
acteristic absorption signals. 

Within a measuring magnetic field strength In the 
order of 11 T, one obtains a value for T^ of more than 
450 hours. Therefore, when using conventional meas- 
uring methods, NMR-measurements of in dia- 
nrK>nds may only be executed when spending extreme 
anfK>unts of time. 

An NMR-measurement on diamonds of the afore- 
mentioned kind is described in the article "Nuclear Spin- 
Lattice Relaxation Via Paramagnetic Centers in 
Solids, NMR of Diamonds" by Henrlchs, RM. et al.. 
Journal of Magnetic Resonance, 58^ pp. 85-94 (1984), 
For carrying out this experiment, the diamond sample 
was arranged within the magnets for three and a half 
days. It was obsen^ed during these experiments that the 
spin-lattice relaxation time T^ of artificial diamonds was 
in the order of one hour, whereas the corresponding re- 
laxation fime of natural diamonds could not be meas- 
ured, since it was in excess of 48 hours. The resulting 
spectrum consists of a single line being offset from the 
reference substance TMS (Tetramethylsilan) with a 
chemical shift of about 39 ppm. The measurements de- 
scribed in the artfcle are related to artificial diamonds, 
therefore, the obtained measurements may not directly 
apply to natural sample material. 

Diamonds, moreover, are a kind of sample material 
on which electron spin resonance (ESR) measurements 
may be made due to the typical N-defects within the 
crystalline lattice. ESR-studies on diamonds are de- 
scribed in the article "Electron Spin Resonance in the 
Study of Diamond' of Loubser, J. et al., Rep. Prog. 
Phys., 41, 1978. pp. 1201-1248. 
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From the article "APPLICATIONS OF DYNAMIC 
NUCLEAR POLARIZATION IN i^C NMR IN SOLIDS". 
R.A. Wind at a!.. Progress In NMR Spectroscopy. Vol. 
17, pp. 33-67. 1985, Pergamon Press Ltd.. it is known 
to enhance NMR signals from solid samples by gener- 
ating the NMR excitation together with a second excita- 
tion at or near the electron resonance frequency. This 
method is identified as dynamic nuclear polarization 
(DNP). The NMR signal enhancement is effected by in- 
creasing the magnetization of the ^^C nuclei by simul- 
taneously exciting electron spin resonance. 

The article describes an experiment during which 
comparative measurements were carried out on natural 
diamonds on the one hand and artificial industrial dia- 
monds on the other hand. For that purpose, the respec- 
tive samples were arranged within a constant, homoge- 
neous magnetic field of 1 .4 T field strength. The proton 
resonance frequency then is 60 MHz and the resonance 
frequency for ^^c nuclei is 15 MHz. The electron spin 
resonance frequency at this magnetic field strength is 
in the order of 40 GHz. 

Bearing in mind the fact that the spin-lattice relaxa- 
tion time T^ of diamonds is extremely long, namely in 
the order of hours, a conventional measurement of ^^c 
nuclei alone would be extremely time-consuming with- 
out the DNP signal enhancement When using the DNP 
technique, the signal enhancement may be in the order 
of a factor of between 10 and 2.000 and. therefore, nat- 
ural diamonds and industrial diamonds may be meas- 
ured within a relatively short period of time. Further to 
the signal enhancement, another benefit from the DNP 
method consists in that the nrtagnetization build-up rate 
is very much faster as compared with the T^ relaxation 
time of diamonds. 

In the nature, diamonds are primarily to be found 
within rocks as are identified with the collective denom- 
ination kimberiite. To a lesser extent, diamonds are also 
found in lamproite rocks. This denomination identifies a 
group of rocks having mostly a dull greenish-grey to blu- 
ish colour, are rich In volatile components and are po- 
tassium-oriented ultrabasic magmatic rocks coming as 
ledges or flat lodes or as fillings of deep volcanic pipes. 
Kimberiite may contain diamonds as one component. 
The most innportant examples are the kimberiite brec- 
cias of the diatremes in South Africa, Western Australia, 
Brazil, and India (c.f. Dawson, D., "Kimberliths and their 
Xenoliths", Springer, 1980). 

Kimberiite rock, too, contains carbon, however pre- 
dominantly as cart)onates (COs-groups). The relative 
portbn of cartxsn within kimberiite is, however, relatively 
low. i.e. below 3 %. Due to the high chemk:al anisotropy, 
the corresponding NMR line is broadened to an extent 
that It does not interfere when NMR-measurements on 
other lines are conducted. 

From the article 'Obsen^ation of ^^c NMR Signal of 
Diamonds in KImberlits* of Kriger. J. et al.. Abstract of 
the Colloque Ampere. Kazan (1994), pp. 808-809. it is 
known to conduct ^^C NMR-measurements for detect- 



4 

ing diamonds in surrounding kimberiite rocks. In the ex- 
periment described, the residual time of samples within 
the magnet was about 30 minutes. By making compar- 
ative measurements between first samples containing 
5 only kimberiite rocks and second samples containing 
kimberiite rocks and diamonds, it was observed that 
the ^^C NMR-signals were significantly different in am- 
plitude. 

Conventionally, for producing diamonds complex 
10 niining and detecting methods are used. Typically, by 
means of blasting the rock is first broken within the dia- 
mond mine well into fragments having a size of about 
400 mm. Within the well there is a first rock-breaking 
mill, milling these fragments into smaller fragments hav- 

is ing an average size of between 1 30 and 200 mm. The 
rocks so milled are then conveyed to the earth's surface 
and then run through a first detecting station in which 
the gravels are exposed to an X-ray fluorescence irra- 
diation. The irradiation effects that the diamonds that are 

20 located at the surface of the gravels may be detected 
due to their fluorescence. The gravels are then con- 
veyed to a second rock-breaking mill and, if need be. to 
further rock-breaking mills, each followed by a corre- 
sponding X-ray fluorescence-measuring station or a 

2S density sorting station. 

However, when doing so, only those diamonds may 
be detected that are kxated on the surface of the re- 
spective rock fragments or gravels. Expert estimations 
on the question which percentage of the real diamond 

30 contents is not found within the broken rocks and, 
hence, is bst with the waste, vary between 30 % and 
70%, 

A further problem of this conventional methods is 
that during subsequent rock-milling processes big dia- 

35 monds that are kx^ated within the rock fragments are 
broken. According to expert estimations, diamonds in 
the order of 20 % are, thus, destroyed. 

It goes without saying that considerable economical 
losses are generated when diamonds are not detected 

40 at all or when bigger and, hence, commercially viable 
diamonds are broken Into smaller diamond fragments. 

German patent specifnation 29 34 966 describes a 
method and an apparatus for detecting a chemical com- 
pound consisting of at least two chemical elements by 

45 means of magnetic resonance. This prior art method is 
related particularly to the detection of explosives in a 
predetermined surrounding, for example within pieces 
of luggage, and the like. 

However, this prior art method is restricted to sub- 

so stances containing a kind of nuclei exhibiting a quadru- 
pole moment. This is, for example, the case for ^^N nu- 
clei which can be found in most explosives. However, 
no nuclei exhibiting quadrupole moments in significant 
concentration may be found in diamonds so that this pri- 

55 or art method may not be used for detecting diamonds. 
It is, therefore, an object underlying the invention to 
further improve a method and an apparatus of the kind 
mentioned at the outset so that rapkJ measurements are 
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rendered possible on such substances having a very 
long spin-lattice relaxation time so that it becomes 
possible to detect and localize gemstones, in particular 
diamonds within surrounding rocks by means of rapid 
measurements. 

According to the first method specified at the outset, 
this object is achieved In that for rapidly detecting the 
first substance, the build-up of magnetization of a kind 
of nuclei being abundant in the first substance only is 
shortened and that the nuclear magnetic resonance of 
that kind of nuclei is measured thereafter. 

According to the second method specified at the 
outset, the object is achieved in that the sample Is pre- 
polarized and excited in a first magnetic field such that 
the build-up of magnetization of a predetermined kind 
of nuclei is shortened and that the nuclear magnetic res- 
onance of that kind of nuclei is measured In a second 
magnetic Held, the magnetic fields having different field 
strengths. 

According to the third method, specified at the out- 
set, the object is achieved in that for a sample, in which 
only the first substance has a very long spin-lattice re- 
laxation time of at least ten seconds, preferably one 
minute, In particular of far more than ten minutes, the 
build-up of magnetization of a kind of nuclei being abun- 
dant in the first substance only is shortened within the 
first magnetic field and that the nuclear magnetic reso- 
nance of that kind of nuclei is measured within the sec- 
ond magnetic field, the magnetic fields having different 
field strengths. 

According to the apparatus mentioned first at the 
outset, the object is achieved In that for rapidly detecting 
the first substance, a pre-treatment station is provided 
in which the build-up of magnetization of a first kind of 
nuclei being abundant In the first substance only is 
shortened, and that an analyzing station is provided in 
whkih the nuclear magnetic resonance of that kind of 
nuclei is measured. 

According to the apparatus mentioned second at 
the outset, the object is achieved in that a pre-treatment 
station Is provided comprising a first magnetic field, in 
which the sample is excited, such that the build-up of 
magnetizatbn of a predetermined kind of nuclei Is short- 
ened, and that an analyzing station Is provided compris- 
ing a second magnetic field, in which the nuclear mag- 
netic resonance of that kind of nuclei Is measured, the 
magnetic fields having different field strengths. 

Finally, the object is achieved by the apparatus 
mentkDned third at the outset in that a pre-treatment sta- 
tion is provided in which the build-up of magnetization 
of a kind of nuclei being abundant in the first substance 
only is shortened within the first magnetic field, and that 
an analyzing station is provided for measuring the nu- 
clear magnetic resonance of that kind of nuclei within 
the second magnetic field, the magnetic fields having 
different field strengths and only the first substance hav- 
ing a very long spin-lattice relaxation time of at least ten 
seconds, preferably one minute, in particular of far more 



than ten minutes. 

The object underlying the invention is thus entirely 
achieved. 

Considering, for example, a preferred embodiment 
5 of the Invention, relating to measurements on diamonds, 
in particular within surrounding kimberlite rocks, it had 
been mentioned above that the spin-lattice relaxatran 
lime Ti of diamonds may be in the order of 500 hours, 
because within the diamond crystal the energy density 
10 of lattice oscillattons in the range of NMR frequencies is 
very low. 

For shortening the build-up of magnetization of a 
predetermined kind of nuclei, several methods may be 

used: 

^5 First, It Is possible to expose the sample material to 
an Irradiation, in particular to an ionizing irradiation. The 
irradiation may be a yradiatbn, a neutron beam. X-ray 
Irradiation or an irradiation with ultra-violet light. Howev- 
er, care must be taken, because such radiation may 

20 generate defects within the crystals which might have 
negative effects on the viability of gemstones. 

A second method for shortening the build-up of 
magnetization consists in generating induced spin lev- 
els by means of ultrasonic irradiation. Preliminary ex- 

25 periments have shown that with a relatively low power 
of several mW at a quarter of the NMR resonance fre- 
quency a shortening by a factor of 1 0 may be obtained. 
In particular for measurements on single samples this 
embodiment should be taken into consideration. 

30 The third and most preferred option Is to use cross- 
polarization, in particular to shorten the build-up of mag- 
netization of the predetermined kind of nuclei by means 
of electron spin resonance. 

When doing so, one takes advantage of the fact that 

55 diamonds exhibit a relatively high electron magnetiza- 
tion due to the numerous paramagnetic centers within 
the crystal. This electron magnetization may be caused 
to build-up and to decay, respectively, with a time con- 
stant in the order of 1 ms by using appropriate methods. 

40 The electron magnetization that is built-up rapidly may 
then be transferred to the nuclei. This is possible, be- 
cause the electrons and the nuclei are comprised in a 
common quantum system. In experiments using contin- 
uous wave operation, the magnetization transfer would 

^ be effected through spin diffusion with the time constant 
being between 20 min and 1 hour. If, however, pulse ex- 
periments are used according to the preferred embodi- 
ment of the inventk^n, the transfer time between electron 
nnagnetization and nuclear magnetization is only in the 

50 order of several ms due to the absence of forbidden tran- 
sitions. 

When doing so, it is possible according to the inven- 
tion to obtain an amplification of polarization by a factor 
of several 1 .000. the theoretical limit being about 1 6.000 
55 according to present knowledge. 

ESR measurements are conducted at relatively 
high frequencies, typically at microwave frequencies. 
Therefore, one has to make considerations with respect 
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to the appropriate magnetic field. If the NMR-measure- 
ment as such is conducted within a magnetic field of at 
least 4 T field strength, this would result in a ^^C meas- 
urement frequency in the order of 40 MHz. Within such 
a magnetic field, the ESR resonance frequency, howev- 
er, is about 100 GHz. The skin depth of such a micro- 
wave field in kimberlite is in the order of about 1 mm. 

If, in contrast, the electron magnetization is caused 
to occur at a frequency of 2 GHz. the required field 
strength is only 80 ml The skin depth of the microwave 
field in kimberlite is then about 1 0 cm corresponding ap- 
proximately to half the gravel size of the samples. 

The subsequent nuclear magnetic resonance 
of could be generated within the same magnetic 
field of 80 mT. This would correspond to an NMR meas- 
uring frequency of about 400 kHz, However, at such low 
NMR frequency, a very long deadtime would occur with- 
in the probe head and overall sensitivity would be poor. 

Therefore, it is preferred to first generate the elec- 
tron magnetization and to then further process the sam- 
ple within a second magnetic field being preferably at a 
distant location. It is true that the magnetization will 
dephase during the transfer between the two locatkxis. 
but It will be rephased within the second magnetic field 
with a time constant in the order of the transversal re- 
laxation time T2. For the subsequent NMR-measure- 
ment one has again the full magnetization minus that 
portk5n decaying with the relaxation time T^q. This re- 
laxation time T^Q is in the order of several hours for nat- 
ural diamonds. 

It is preferred to use magnetic fields of different field 
strengths to generate a pre-polarization by means of 
ESR on the one hand and to execute the NMR-meas- 
urement as such on the other hand It is further preferred 
when the second magnetic field is stronger than the first 
magnetic field. For, the relaxation time T, is generally 
proportional to the square of the field strength so that 
the time for building-up magnetization is shorter at tower 
field strength. 

Although it would be possible to generate the differ- 
ent magnetic field strengths in one and the same mag- 
net, by switching the field accordingly, it is preferred to 
spatially separate the two magnetic fields, i.e. to utilize 
two different magnet systems. One can. for example, 
use a resistive magnet system for pre-polarizing by 
means of ESR. In a magnetic field having a field strength 
of below 1 T, the ESR resonance frequencies are in the 
order of several GHz. At these microwave frequencies, 
the microwave components may be designed with rela- 
tively large dimensions so that also larger samples and 
larger flowing masses of a continuous flow of sample 
material, respectively, may be pre-polarized. 

In contrast, for the subsequent NMR-measurement 
one may utilize a superconducting magnet system in the 
order of 4 T so that conventional technology may be 
used to conduct ^^C measurements in the order of 40 
MHz. 

The electron resonance may be excited with con- 



tinuous wave signals or with pulse signals. Further, ex- 
periments with adiabatic passage may be made. 

For the nuclear magnetic resonance measurement 
it is preferred to use a spin-echo pulse sequence com- 
5 prising an excitation pulse and at least one subsequent 
refocusing pulse. 

The detection may then be made via the intensity 
of the signal. Kimberlite contains very low amounts 
of carbon as carbonate which has no effect in so far. If, 
10 therefore, a i^c signal is detected, there is a high like- 
lihood for the presence of diamonds. The intensity of 
the signal is then indicative for the size of the dia- 
monds comprised in the rock. 

Considering now again the preferred field of appli- 
es cation of the invention, namely the detection of dia- 
monds in surrounding kimberlite rocks, several methods 
for processing the sample material may be used. 

On the one hand, it is possible to measure a con- 
tinuous flow of sample material. 
20 This method has the advantage that within the op- 
eration of a diamond mine no discontinuous method 
steps are used Instead, the extracted rock material hav- 
ing been broken down in a first step before may be proc- 
essed continuously in a flow process. 
25 On the other hand, one can use a discontinuous 
method in which predetermined sample quantities are 
individually measured. 

This method has the advantage that for detecting 
diamonds in one of the predetermined sample quanti- 
30 ties, one sample quantity of interest may easier be 
picked out. 

In particular, the picked-out sample quantity may be 
divided Into sub -quantities, and these sub-quantities 
may again be subjected to measuring processes so that 

35 it is possible to identify in a stepwise manner a very small 
portion of sample material in which the detected dia- 
mond must be located. 

With ail these methods it is advantageous to use 
nuclear magnetic resonance localizing or imaging 

40 measuring methods. 

This measure has the advantage that it is not only 
possible to make a statement whether or not a diamond 
is present within a specific sample quantity. Instead, one 
can additionally make a statement where the sample is 

^ located within the sample quantity In a one-dimensional 
measurement, for example, one can say for an elongate 
sample container at which tongitutinal position the dia- 
nnond is tocated When multi-dimensional measure- 
ments are used, the diamond may still more precisely 

so be located. It would then be possible with much less ef- 
forts to cautiously remove the diamond from the sur- 
rounding rocks without running the risk that the diamond 
is damaged or even destroyed when the surrounding 
rock is broken away. One can, for example, remove the 

55 surrounding rock except a certain layer around the dia- 
nrrand and then remove the diamond chemically from the 
remaining rock whrch would not be possible during a 
mass-processing of the entire rock material extracted 
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from the mine. 

Further advantages will become apparent from the 
description and the appending drawing. 

tt goes without saying that the features identified 
above and those that will be explained hereafter may 
not be used only in the respective combination but may 
further be used in other combinations or alone without 
departing from the scope of the present invention. 

Embodiments of the invention are depicted in the 
drawing and will be explained In more detail in the de- 
scription below. 

Fig. 1 shows extremely schematically a flow dia- 
gram for explaining one embodiment of a 
process according to the invention. 

Fig. 2 shows a somewhat more detailed schematic 
drawing for explaining the process and the ap- 
paratijs according to the invention. 

Fig. 3 shows a portion of Fig. 2 in more detail. 

Fig. 4 shows a further embodiment of an apparatus 
and a process according to the invention for 
describing a discontinuous processing of 
sample material. 

In Fig. 1 reference numeral 1 shall symbolize a 
blasting or an explosion made within a diamond mine 
well. The rocks that are blasted come as big fragments 
having a typical "grain size" in the order of 400 mm. 
These relatively big fragments are then conveyed away 
from the location of blasting along a conveyor path 2 to 
a first rock-breaking mill 3. First rock-breaking mill 3 
mills the relatively big fragments so that a grain size of 
between 100 and 200 mm is generated. The conveyor 
rate is about 100 1 per hour. The gravel milled by rock- 
breaking mill 3 is then conveyed through the operating 
range of a magnet 4. Magnet 4 has a strong magnetic 
field gradient and serves to remove ferromagnetic com- 
ponents from the conveyed material that might be dan- 
gerous for the subsequent measuring and processing 
statk>ns. 

The sample material is then conveyed abng con- 
veyor path 2 into the operating range of a measuring 
device 5. the details of which will be further described 
below. Measuring device 5 is adapted to make a state- 
ment whether or not a diamond is present within a pre- 
determined sample quantity or within a predetermined 
area of a continuously flowing sample material flow. A 
subsequent separation device 6 is controlled by meas- 
uring device 5 via a control line 7. If a diamond was de- 
tected within a certain portion of sample material, sep- 
aration device 6 directs that portion to a first output 8 
from which on this viable portion of sample material will 
be further investigated. The remaining barren sample 
material being void of diamonds is, in contrast, directed 
to a second output 9 and will then be conveyed to a re- 
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ject bin. depicted only schematically, or will be conveyed 
to a waste dump. 

Fig. 2 shows further details of measuring device 5. 
A pre-treatment station 12 is arranged at the Input 
5 of measuring devtee 5, the pre-treatment station 1 2 be- 
ing followed by an analyzing station 13. Analyzing sta- 
tion 1 3 comprises a nuclear magnetic resonance (N MR) 
measuring installation of conventional design. The NMR 
measuring installation may, for example, comprise a su- 
10 perconducting magnet having a field strength of about 
4,7 T so that the measuring installation will allow to 
conduct measurements at bout 50 MHz. 

Analyzing station 1 3 controls a computer 1 4 which, 
in turn, activates a sample separator element 15. Sam- 
is pie separator element 1 5 may, for example, be a strong 
blower, directing the flow of sample material to reject bin 
10 or to a diamond concentration bin 16, respectively, 
in which viable sample material containing diamonds is 
collected. 

Fig. 3 shows further details of pre-treatment station 

12. 

Conveyor path 12 Is configured as a belt conveyor 
within the operating range of pre-treatment station 1 2. 
Fragments 21 are conveyed on belt conveyor 20 in the 
direction of an arrow 22. i.e. from the left to the right in 
Fig. 3. 

Fragments 21 on belt conveyor 20 are conveyed 
through a low-strength magnet installation 24 being, for 
example, a conventional resistive magnet system. Mag- 
net installation 24 generates a homogeneous, pre-po- 
larizing magnetic field having a field strength of e.g. 
0,0857 T with a homogeneity of 5 x 1 0^ within a volume 
of about 100.000 cm^. Magnet installation 24 may. for 
example, be a water-cooled air-core coil in double Heim- 
holtz-arrangement with a free bore of 700 mm diameter 
allowing access to the magnetic field center both in a 
radial and an axial directton. 

Magnet installation 24 surrounds a microwave res- 
onance system. The system comprises a microwave 
source 25 having an operating frequency of e.g. 3 GHz 
being coupled to a microwave resonator 26. The term 
resonator is to be understood as comprising any con- 
ceivable kind of mk:rowave-resonant or non-resonant 
structures, i.e. hollow cavities, line resonators, 
waveguides, flares, etc. 

As an alternative or additionally, a source 27 of ion- 
izing radiation may be provided. In the depicted embod- 
iment, the microwave resonator 26 is provided with a 
slot 28 for allowing bnizing irradiation to enter from 
source 27 into the interior of microwave resonator 26 
and. thus, on the fragments 21 conveyed therethrough. 

Additionally or as an alternative, ultrasonic trans- 
ducers 29 may be provided for generating ultrasonic os- 
cillations within the fragments 21 in the magnet installa- 
tion 24. 

For that purpose, a coupling medium is required 
helping to transfer ultrasonic oscillations into the frag- 
ments 21 . An appropriate coupling medium wouki be sil- 
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icon-based oil. In Fig. 3. reference numeral 30 indicates 
a circuit for circulating the coupling medium. At 31 cou- 
pling medium is brought into contact with fragments 21 
prior to their coming into the field of operation of magnet 
installation 24 and microwave resonator 26, respective- 
ly. As soon as fragments 21 are conveyed out of that 
area, the coupling medium is removed therefrom in a 
coupling medium removal station 32. Due to the closed- 
loop circuit identified by arrows 34, the coupling medium 
is then recycled and may e.g. be pumped through the 
heat exchanger 33. By doing so, the coupling medium 
is pumped, cooled, and then fed back to the input at 31 , 
In certain cases it might not be mandatory to use a 
separate coupling medium. Instead, it would be suffi- 
cient to establish a physical contact between an appro- 
priate ultrasonic transducer and the fragments 21. For 
example, one could use a flat transducer being pressed 
onto the fragments 21 by means of a piston-and-cylinder 
unit. 

The apparatus according to Figures 2 and 3 oper- 
ates as follows: 

Pre-treatment station 12 has the purpose to influ- 
ence the flowing sample material such that the build-up 
of magnetization of ^^C nuclei within the diamonds is 
shortened. By doing so. the measuring time shall be re- 
duced to an acceptable value so that continuous or qua- 
si-continuous measurements are made possible within 
a mine having an output of e.g. 1 .000 1 per hour. 

The excitation required for shortening the build-up 
of magnetization may be effected in various ways: 

According to a first option, the sample material, i.e. 
the fragments 21. are exposed to a first magnetic field 
having a first magnetic field strength Bqi within magnet 
installation 24. By simultaneously irradiating a micro- 
wave field by means of microwave source 25 within mi- 
crowave resonator 26. the electron system is excited, 
the excitation being possible within a very short period 
of time of several milliseconds. The electron spin reso- 
nance (ESR) may be excited by means of a continuous 
wave signal of microwave source 25 or, as known per 
se, by means of pulsed signals. One can also conduct 
experiments with adiabatic passage. The unpaired elec- 
trons which are nnagnetized accordingly are those which 
are present due to defects within the crystal latttee or 
due to impurities or offsets within the crystalline struc- 
ture. 

The magnetic field sUength Bq, is typically between 
0.01 and 0,2 T This corresponds to ESR resonance fre- 
quencies of between 250 MHz and 6 GHz. The power 
of the irradiated microwave is sufficient to saturate the 
electron spin system within the diamond. The magneti- 
zation of the electron system is then transferred to the 
spin system for enhancing nuclear magnetization. 
This may be effected in two different ways: 
A first possibility consists in exciting a preselected 
ESR transition within a strong rf field, the vector of the 
magnetic rf field being directed perpendicularly to the 
static magnetic freld. The intensity of the microwave ir- 



radiation must be set such that the ESR line is saturated. 
The exact frequency then depends from the kind of 
cross-polarization. For diamonds, the frequency must 
be offset from the pure ESR frequency by the NMR Lar- 

5 mor frequency within the corresponding static magnetic 
fieW, The time during which the ESR transition is satu- 
rated depends as well from the spin -lattice relaxation 
time of electrons as well as from the relaxation time of 
the nuclei. In diamonds, a complete build-up of magnet- 

10 ization at moderate levels of irradiation may be achieved 
within less than one hour. However, even within a time 
of less than five minutes, the enhancement of magnet- 
ization may be such that very small particles may be de- 
tected. 

IS A further possibility for shortening the build-up of 
magnetization consists in generating the magnetization 
effect not by static irradiation but by an appropriate pulse 
sequence instead. Such pulse sequences are known 

per se. 

20 An appropriate pulse sequence is described in the 
article "Nuclear Spin Orientation via Electron Spin Lock- 
ing (NOVEL)" of Henstra, A. et al., Journal of Magnetic 
Resonance, 77^ pp. 389-393.(1988). Under the action 
of this pulse sequence, the electron magnetization is 

2S spin-locked with the RF magnetic field. If the spin-lock 
pulse amplitude complies with the modified Hartmann- 
Hahn condition, the electron system magnetization is 
transferred to the carbon spin system. This transfer is 
effected via flip-flop-terms describing the dipolar inter- 

30 action between the nuclear spin system and the electron 
spin system. 

If pulsed methods of cross-polarization are used, it 
is possible to work with substantially higher mass flow 
rates of sample material within a selection process, e. 

55 g. in a diamond mine, because the magnetization trans- 
fer is accelerated as described above. Further, the pulse 
sequences albw a great bandwidth of detection meth- 
ods, because the spin system may be manipulated in 
any conceivable way. In such a way it is possible to com- 

^0 pensate for the variation of the RF magnetic field within 
the sample as caused by absorption of the microwave 
fiekJ within the surrounding rock. 

The measuring effect described before is depend- 
ent of a sufficient concentration of unpaired electrons 

^ within the diamond for allowing to excite a sufficient 
magnetization of the electron system. It is possible to 
increase the number of unpaired electrons artificially by 
temporarily generating defects within the crystal. When 
doing so. an electron is removed from its confined orbit 

so so that for a sufficient period of time an unpaired electron 
is at disposal that may take part in the magnetizatton 
process without resulting in a permanent damage to the 
diamond. 

Such a transitory generation of unpaired electrons 
55 can. e.g. be effected by exposing the sample to the 
above-mentioned ionizing irradiation, i.e. by exposing 
the sample for example to y-radiation, a neutron beam, 
X-rays, or to ultraviolet light. 
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As an alternative for effecting a shortening of the 
build-up of magnetization, one may use a method ac- 
cording to which ultrasonic oscillations are excited with- 
in the diamond. This may be made additionally to the 
methods described above. 

If ultrasonic oscillations are excited within the dia- 
mond, the diamond relaxation rate Is dependent on the 
number of mechanisms available to produce conditions 
causing transitions between different energy levels. Ap- 
plication of ultrasound at the correct stimulating frequen- 
cy to the sample increases the number of lattice pho- 
nons and. hence, increases the number of transitions 
between energy levels. This enables the equilibrium 
magnetization to be reached more rapidly 

The sample material so pre-treated within pre-treat- 
ment station is then conveyed Into the operational area 
of analyzing station 1 3. 

Analyzing station 13 comprises a further magnet 
system generating a magnetic field of field strength 602- 
The related magnet system is preferably a supercon- 
ducting magnet generating a field strength in the order 
of 4.7 T. The corresponding NMR measuring frequency 
for i^C nuclei is approximately 50 MHz. 

Due to the fact that the sample material had been 
within the operational range of the pre-treatment station 
1 2 for a sufficient period of time by setting the residual 
time accordingly, the sample material is conveyed to the 
adjacent analyzing station 1 3 in a condition in which the 
diamond inclusions in the kimberllte are sufficiently 
magnetized so that a corresponding NMR-measure- 
ment may be made. Due to the time constants involved, 
a rapid transfer of sample material from the pre-treat- 
ment station 1 2 to analyzing station 1 3 Is not necessary. 
Experiments have shown that time inten^als of about 10 
min are not detrimental, because the pre-polarization is 
not affected in an unacceptable way. 

In order not to affect the pre-potarization during the 
transfer stations 12 and 13 at all, various additional 
measures may be taken. 

First, one can design magnet systems within sta- 
tions 1 2 and 1 3 such that a substantial fringe field is gen- 
erated. If stations 1 2 and 1 3 are not too distant one from 
another, then the sample material will always stay within 
a certain residual magnetic field of, say, 5 to 10 G being 
sufficient to preserve the pre-polarization. 

Second, one can surround the conveyor between 
stations 1 2 and 1 3 with a low-field magnet system, e.g. 
an elongate solenoid or permanent magnets distributed 
along the conveyor. 

Third, if the sample material is conveyed in contain- 
ers, e.g. in buckets, then one can attach permanent 
magnets to the containers. 

The NMR-measurement within analyzing station 1 3 
is essentially conventional. The sample material is ar- 
ranged within the center of the magnetic field at the fiekj 
strength Bq^ and is simultaneously exposed to electro- 
magnetic RF frequency pulses in a conventional man- 
ner. The spin echo signals emitted from the sample ma- 



terial are received, processed, and transferred to com- 
puter 14. 

Analyzing station 1 3 may for example, comprise a 
standard commercial NMR spectrometer as is available 

5 under the name BRUKER DSX 200 SWB. This spec- 
trometer comprises a superconducting magnet having 
a vertical bore of 1 5 cm diameter. With this magnet sys- 
tem, kimberiite fragments up to 7 cm maximum dimen- 
sion may be investigated, either individually or as batch- 

yo es. 

The fragments may freely fall from a terminal end 
of a conveyor belt into the magnet bore, preferably 
against the action of an air counterflow. In such a way. 
the fragments may be decelerated as on an air cushion 
^5 or under the action of the air counterflow, may be meas- 
ured and may then be received on a second conveyor 
belt arranged beneath the magnet. 

When the samples are located within the center of 
the magnetic field of e.g. 4,7 T, they are exposed to a 
pulsed RF magnetic field, namely by means of a trans- 
mitter coil surrounding the sample. The echo signals 
emitted from the sample and corresponding to the free 
induction decay within the sample are received by the 
same coil, are amplified, digitized, interieaved and fed 
to computer 1 4. 

Computer 14 derives the spectrum within the fre- 
quency domain by using a transfer f unctbn, e.g. by us- 
ing Fourier transformation. The frequency domain spec- 
trum so derived is then Investigated as to the occurrence 
of an absorption line being characteristic for ^^c in dia- 
mond. As an alternative or simultaneously, the echo sig- 
nal may directly be analyzed within the time domain by 
using certain signal processing techniques, for example 
neuronal networks. 

The NMR-measurement may be effected within a 
period of time of 1 ms so that the samples may be meas- 
ured on an air cushion or at reduced falling speed, as 
described above. As an alternative, the toading and 
detoading time from the cylinder may be set very shortly 
in order to be able to set the repetition rate of subse- 
quent measurements at a high level. 

For operation within a diamond mine, a much bigger 
magnet system may be used having a free bore diam- 
eter in the order of 1 m. Depending on the respective 
conveyor system, the magnet bore may be directed ver- 
tically or horizontally. Such n^agnet systems having a 
horizontal bore are used, for example, for nuclear spin 
tomography, i.e. in a medical field of applicatbn of im- 
aging NMR. 

The NMR-measurement as such is made by irradi- 
ating a pulse sequence. A first 90° pulse flips the mag- 
netizatbn from the axial direction of the constant mag- 
netic field into a plane of observation, perpendicular 
thereto. As the nnagnetization rapidly defocuses due to 
local inhomogeneities of the magnetic field, it is advisa- 
ble to refocus the magnetizatk)n by means of appropri- 
ate pulses and to then detect same as so^iled spin- 
echoes. 
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According to a preferred embodiment, so-called 
phase alternating 180" pulses are used as refocusrng 

pulses, however, one can also use phase-shlfted 90° 
pulses or simple 180* pulses. The NMR signal, entirely 
detected, amplified and digitized is then stored in a 
memory of computer 14 and complete echoes are 
summed-up in order to reduce the signal-to-noise ratio 
by averaging techniques. 

If computer 14 detects that a^^C signal occurs 
above a certain threshold value, sample separator ele- 
ment 1 5 is activated so that a certain sample quantity is 
picked out to diamond concentration bin 16 for then 
searching for the diamond therein. 

If the installation operates with a continuous flow, e. 
g. a flow of sample material falling free into analyzing 
station 13, sample separator element 15 may. e.g. op- 
erate with a strong fluid stream, in particular an air 
stream. The flow of sample material exiting from ana- 
lyzing station 1 3 is then deflected for a predetermined 
period of time such that a predetermined amount is di- 
rected to diamond concentration bin 16, as explained 
before. 

As an alternative, one can operate non-continuous- 
ly by processing the sample material in individual pre- 
determined quantities. 

An example thereof is depicted in Fig. 4 for an al- 
ternate embodiment of analyzing station 13'. 

Analyzing station 13' comprises a magnet coil 40. 
in particular a superconducting solenoid coil. Coil 40 has 
an axial bore 42. As indicated by arrows 43, individual 
sample containers 14 may be conveyed through bore 
42 in an axial direction. 

Sample container 44 has a wall 45 consisting of a 
magnetic inactive material being selected such that it 
does not give rise to spurious signals that might be dis- 
turbing the measurements of interest in the present con- 
text. For example, sample containers 44 made from pol- 
yvinylchloride (PVC) might be used. The sample con- 
tainers 44 could have a volume of between 10 and 20 
1 if used within superconducting magnet systems as 
may be built today with a field strength in the order of 4 T. 

Sample container 44 contains fragments 21 . Fig. 4 
shows in one of the fragments 21 that a diamond 46 is 
contained within surrounding rock 47, namely kimberl- 
ite. 

Further, a transmitter/receiver coil 50 is an-anged 
within bore 42 of nnagnet coil 40. the transmitter/receiver 
coil 50 being connected to a spectrometer console 52 
via a line 51. 

Finally, a system of gradient coils 53 is provided, as 
shown extremely schematically in Fig. 4. Gradient coil 
53 allows to superimpose a field gradient, for example 
such that the magnetic field strength linearly decreases 
or increases, respectively, along directbn 43 indicated 
by an arrow and symbolizing the direction of transport 
of sample containers 44 through bore 42. In such a case, 
one-dimensional NMR-measurements are possible, i.e. 
a statement may be made atong the axial direction of 
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magnet coil 40 at which axial position the NMR active 
substance is located. 

For that purpose, spectrometer console 52 com- 
prises a display 55 for generating an image of sample 
s container 44 together with its contents. By superimpos- 
ing one or more gradients to the magnetic field, coordi- 
nates 57 indicating the position of diamond 46 may be 
determined. 

If after transition of magnet coil 40 the one probe 
10 container 44 in which diamond 46 was detected, is 
picked out, one can, therefore, not only make a state- 
ment that diamond 46 is contained within that sample 
container 44. Instead, one can additionally make a state- 
ment at which axial position or at which multi-dimension- 
75 al position diamond 46 is located within sample contain- 
er 44. 

It goes without saying that the field of application for 
detecting diamonds in kimberlite rocks, as explained in 
detail above, is to be understood only as an example. 

20 The invention may advantageously be used generally 
for the rapid measurement of samples having a very 
long spin-lattice relaxation time T^ and, if the method Is 
used for detecting certain substances, it is not restricted 
to diamonds. For example, it nr^ay also be used for any 

25 other kinds of crystals, preferably also for other kinds of 
gemstones, e.g. rubies or sapphires, where other kind 
of nuclei may be used, for example ^^Al. 



30 Claims 

1 . A method of detecting a first substance within a sec- 
ond substance surrounding the first substance, by 
means of nuclear magnetic resonance (NMR). the 

3$ first substance having a very long spin-lattice relax- 
ation time (T,) of at least ten seconds, preferably 
one minute, in particular of far more than ten min- 
utes, characterized in that for rapidly detecting the 
first substance, the build-up of magnetization of a 
40 kind of nuclei being abundant in the first substance 
only is shortened and that the nuclear magnetic res- 
onance of that kind of nuclei is measured thereafter 

2. The method of claim 1, characterized in that the 
45 build-up of magnetization is shortened within a first 

magnetic field (B02). and that the nuclear magnetic 
resonance is measured within a second magnetic 
field (B02). 

so 3. A method of measuring samples by means of nu- 
clear magnetic resonance (NMR). the sample hav- 
ing a very long spin-lattice relaxation time (T,) of at 
least ten seconds, preferably one minute, in partic- 
ular of far more than ten minutes, the relaxation time 
BS (T^) being reduced for increasing the measuring 
signal, characterized in that the sample is pre-po- 
larized and excited in a first magnetk: field (Bqi), 
such that the build-up of magnetization of a prede- 
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termined kind of nuclei is shortened, and that the 
nuclear magnetic resonance of that kind of nuclei is 
measured in a second magnetic field (B02). the 
magnetic fields (Bq,. B02) having different field 
strengths. 

4. A method of detecting a first substance within a sec- 
ond substance surrounding the first substance, by 
means of nuclear magnetic resonance (NMR), a 
sample comprising both substances being exposed 
sequentially to two magnetic fields (Bq^, Bgg). the 
nuclear magnetic resonance being measured at 
least during exposure of the sample to one of the 
magnetic fields (B02). characterized in that for a 
sample, in which only the first substance has a very 
long spin-lattice relaxation time (T^) of at least ten 
seconds, preferably one minute, in particular of far 
more than ten minutes, the build-up of magnetiza- 
tion of a kind of nuclei being abundant in the first 
substance only is shortened within the first magnet- 
ic field (B01), and that the nuclear magnetic reso- 
nance of that kind of nuclei is measured within the 
second magnetic fiekl (B02). the magnetic fields 
(^01 « ^02) having different field strengths. 

5. The method of any of claims 2 - 4. characterized in 
that the first substance contains a crystal, prefera- 
bly a gemstone, in particular a diamorKi. 

6. The method of any of claims 1 , 2, 4 or 5, character- 
ized in that the second substance is rock, preferably 
kimberlite or lamproite. 

7. The method of any of claims 2 - 6, characterized in 
that the second magnetic field (B02) is at least five 
times as strong as the first magnetic field (Bqi). 

8. The method of any of claims 2 - 7, characterized in 
that the magnetic fields (Bqi. B02) are generated at 
different locatbns. 

9. The method of any of claims 1 - 8, characterized in 
that the build-up of magnetization of the predeter- 
mined kind of nuclei is shortened by means of elec- 
tron spin resonance (ESR). 

10. The method of claim 9, characterized in that the 
electron spin resonance is excited as a continuous 
wave signal, or as a pulsed signal, or as an adia- 
batic passage. 

11. The method of any of claims 1-10. characterized 
in that the build-up of magnetization of the prede- 
termined kind of nuclei Is shortened by means of 
ultrasonic radiation or an bnizing radiation. 

12. The method of any of claims 4-11, characterized 
in that in case of localizatbn of the first substance 
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within a predetermined sample quantity, this sample 
quantity is picked out. that the picked-out sample 
quantity is divided into sub-quantities, and that the 
method of any of claims 1 • 1 2 is carried out at least 
s one more time on the sub-quantities. 

13. The method of any of claims 1-12, characterized 
in that the nuclear magnetic resonance is measured 
as an imaging nuclear magnetic resonance. 

TO 

14. An apparatus for detecting a first substance within 
a second substance surrounding the first sub- 
stance, by means of nuclear magnetic resonance 
(NMR), the first substance having a very long spin- 
is lattice relaxation time (T^) of at least ten seconds, 

preferably one minute, in particular of far more than 
ten minutes, characterized in that for rapidly detect- 
ing the first substance, a pre-treatment station (12) 
is provided in which the build-up of magnetization 
20 of a first kind of nuclei being abundant in the first 
substance only is shortened, and that an analyzing 
station (13) is provided in which the nuclear mag- 
netic resonance of that kind of nuclei is measured. 

2S 1 5. The apparatus of claim 1 4, characterized in that the 
pre-treatment station ( 1 2) comprises a first magnet- 
k: field (Bqi). and that the analyzing station (13) 
comprises a second magnetic field (B02). the mag- 
netic fields (Bqv Bq2) having different field 

30 strengths. 

16. An apparatus for measuring samples by means of 
nuclear magnetic resonance (NMR), the samples 
having a very long spin-lattice relaxation time (T,) 

35 of at least ten seconds, preferably one minute, in 
particular of far more than ten minutes, the relaxa- 
tion time (Ti) being reduced for increasing the 
measuring signal, characterized in that a pre-treat- 
ment station (12) is provided, comprising a first 
40 magnetic field (Bq^), in which the sample is excited, 
such that the build-up of magnetization of a prede- 
termined kind of nuclei is shortened, and that an an- 
alyzing station (1 3) is provided comprising a second 
magnetic field (Bq2). in which the nuclear magnetic 
45 resonance of that kind of nuclei is measured, the 
magnetic fieW (Bqi, B02) having different field 
strengths. 

17. An apparatus for rapidly detecting a first substance 
so within a second substance surrounding the first 

substance, by means of nuclear magnetic reso- 
nance (NMR), the apparatus comprising means for 
generating two magnetic fields (Bq,. B02). a sample 
containing the two substances being sequentially 
ss exposed to the two magnetic fields (Bqi. B02). the 
nuclear magnetic resonance being measured when 
the sample is exposed to at least one of the mag- 
netic fields (Bo2}« characterized in that a pre-treat- 
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ment station (12) is provided in which the build-up breaking installation within a gemstone nnine. 

of magnetization of a kind of nuclei being abundant 
in the first substance only Is shortened within the 
first magnetic field (Bqi ), and that an analyzing sta- 
tin (1 3) is provided for measuring the nuclear mag- 5 
netic resonance of that kind of nuclei within the sec- 
ond magnetic field (Bqs), the magnetic fields (Bqi. 
B02) having different field strengths and only the first 
substance having a very long spin-lattice relaxation 
time (Ti) of at least ten seconds, preferably one to 
minute, in particular of far wote than ten minutes. 

18. The apparatus of any of claims 15-17, character- 
ized in that the second magnetic field (B02) is at 
least five times as strong as the first magnetk: fiekJ is 
(B01). 

19. The apparatus of any of claims 14-17, character- 
ized In that the pre-treatment station (12) and the 
analyzing station (1 3) are situated at different kx:a- 20 
tions. 



20. The apparatus of any of claims 14-19, character- 
ized In that the pre-treatment station (12) comprises 

an apparatus (25, 26) for exciting electron spin res- 25 
onance (ESR). 

21. The apparatus of claim 20, characterized in that it 
is configured as a continuous wave apparatus or as 

a pulse apparatus. so 



22. The apparatus of any of claims 14-21, character- 
ized in that the pre-treatment station (1 2) comprises 
an apparatus (29 - 33) for exciting ultrasonic oscil- 
lations or an apparatus (27, 28) for emitting an ion- ss 
izing radiation. 



23. The apparatus of any of claims 14-22, character- 
ized in that a conveyor means is provided for con- 
veying sample material through the pre-treatment 40 
station (12) and the analyzing station (1 3), the con- 
veyor means, preferably, comprising recycling 
means for conveying sample material at least one 
more time through the pre-treatment station (12) 
and the analyzing statk>n (13). 4S 

24. The apparatus of any of claims 14-23. character- 
ized in that the analyzing station comprises a dis- 
play (52) for an imaging nuclear magnetic reso- 
nance measurement. so 



25. The apparatus of any of claims 1 4 - 24, character- 
ized by its use for rapidly localizing crystals in host 
rock, in particular for localizing diamonds In host 
kimberiite. ss 

26. The apparatus of any of claims 1 4 - 25, character- 
ized in that it is arranged at the output of a rock 
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